Background: While statin use has been associated with reduced prostate cancer (PC)
Introduction
Prostate cancer is the most commonly diagnosed non-cutaneous cancer type in US males, and the second most common cause of male cancer deaths [1] . Aggressive disease characteristics at diagnosis, defined by biopsy Gleason sum, clinical stage and PSA level, are associated with increased prostate cancer-specific mortality [2] . As such, there is a need to identify factors which may impact prostate cancer aggressiveness.
Statins, a class of cholesterol-lowering drugs, are used by approximately one in every four adult males in the US population [3] . While statin use is not associated with overall prostate cancer incidence [4] [5] [6] [7] , two meta-analyses have reported an inverse association between statin use and risk of aggressive prostate cancer [5, 8] . However, many of the studies contributing to these meta-analyses were limited by incomplete assessment of type and dose of statin and use of other cholesterol-lowering drugs, as well as patient characteristics including dietary cholesterol and saturated fat intake, smoking status and prostate cancer screening history. In addition, these prior studies were conducted in predominantly Caucasian populations, and therefore the impact of race on these associations is unknown.
Using the population-based North Carolina-Louisiana Prostate Cancer Project (PCaP), we examined associations between statin use, dose and type, and prostate cancer aggressiveness, overall and stratified by race. We explored prostate cancer screening frequency as both a confounder and an effect modifier of the association between statin use and prostate cancer aggressiveness. In addition, we tested whether associations differed by smoking status, given that smoking is a known modifier of serum lipid levels.
Materials and Methods

Study population
The North Carolina-Louisiana Prostate Cancer Project (PCaP) is a population-based, case-only study of incident prostate cancer in two southern US states (NC, LA) [9] . Men with a first diagnosis of histologically confirmed prostate cancer on or after July 1, 2004 were eligible to participate in PCaP if they were 40-79 years of age at diagnosis, could complete the study interview in English, did not live in an institution or nursing home, and were not cognitively 
Exposure assessment
PCaP nurses administered a series of structured questionnaires that included baseline characteristics, prostate cancer screening history, diet and medications, during an in-home visit conducted approximately 3 months after diagnosis [9] . Prostate cancer screening was defined as having received more than one PSA test and/or digital rectal exam (DRE) prior to 12 months before diagnosis. Among screened men, screening frequency was calculated as the total number of PSA or DRE in the patient's lifetime divided by the number of years since the first PSA or DRE. Screening was then classified as a three-level variable (never screened, ≤1 PSA and/or DRE per year, >1 PSA and/or DRE per year). We also generated this variable based upon PSA tests only, without considering DRE. Screening frequency cut points were selected based on prostate cancer screening guidelines in place at the time of PCaP recruitment which recommended annual screening. Screened men reporting <1 screening test per year were included with screened men reporting the recommended 1 test per year, given insufficient numbers to separate these two categories. The dietary assessment instrument was a modified version of the validated National Cancer Institute (NCI) Diet History Questionnaire (DHQ) [10, 11] to which numerous Southern US foods were added. Men were asked to report dietary intake during the 12 month period prior to prostate cancer diagnosis. Dietary cholesterol intake (mg per day) and the average percentage of calories obtained from saturated fat were calculated using Diet*Calc analysis software (version 1.4.3, National Cancer Institute, Applied Research Program, November 2005). Although no gold standard exists for validating calories from saturated fat and dietary cholesterol, a comparative validation study has been performed for the NCI DHQ indicating that energy-adjusted correlations between multiple 24 hour recalls and DHQ estimates were 0.68 for saturated fat intake, 0.64 for dietary cholesterol, and 0.66 for total fat [11] . Study participants gathered all prescription and non-prescription medications and supplements used in the two week period prior to interview and presented them to the nurse at the time of interview for documentation of current medication use, including type and dose. For the present analysis, we abstracted statin use [atorvastatin (lipitor, caduet), simvastatin (zocor, vytorin), rosuvastatin (crestor), lovastatin (altoprev, advicor), pravastatin (pravachol), fluvastatin (lescol)] and non-statin cholesterol-lowering drug use [niacin (niaspan, niacor), fibrate (gemfibrozil, tricor) and ezetimibe (ezetimibe, vytorin)]. Statin type was classified as hydrophilic (rosuvastatin, pravastatin) or lipophilic (atorvastatin, simvastatin, lovastatin, fluvastatin) [12] .
Statin dose was converted to a simvastatin dose-equivalent, as previously described [13] , and dichotomized as low/normal (≤20 mg simvastatin dose-equivalent) vs. high dose (>20 mg 
Outcome assessment
Clinical stage, biopsy Gleason sum, and PSA at diagnosis were abstracted from medical records.
Prostate cancer aggressiveness was defined using these three variables as follows i) high aggressive (Gleason sum ≥8, or PSA >20 ng/ml, or (Gleason sum ≥7 and clinical stage T3-T4)), ii) low aggressive (Gleason sum <7 and clinical stage T1-T2 and PSA <10 ng/ml), ii) intermediate aggressive (all other cases), as described previously for PCaP [9] . Our outcome of interest was high aggressive prostate cancer, and low/intermediate aggressive disease was utilized as the referent group for all analyses. Complete prostate cancer aggressiveness data were missing for 85 men, and these men were excluded from our analysis. We also excluded men who were missing body mass index (BMI; n=21), smoking status (n=2) and prostate cancer screening frequency (n=220), resulting in 1,930 research subjects (n=1,012 CA and n=918 AA) eligible for the present analysis.
Statistical analysis
We examined differences in patient and tumor characteristics between CA and AA men, and between statin users and non-users, using chi-square tests for categorical variables, student's ttests for continuous, normally-distributed variables and rank sum tests for continuous nonnormally distributed variables.
Logistic regression was used to estimate crude (age-adjusted) and multivariable-adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for the association between statin use, dose and type, and prostate cancer aggressiveness (high vs. low/intermediate). Given that our outcome of high aggressive prostate cancer does not fit the rare disease assumption, ORs should not be interpreted as relative risk ratios. For multivariable analysis, we utilized a directed acyclic graph to select covariates and then performed backwards selection to build our final model which included age (continuous), race (AA, CA), site (NC, LA), BMI (continuous, log-transformed), cholesterol intake (continuous, log-transformed), percent calories from saturated fat (continuous), smoking status (never, former, current), and prostate cancer screening frequency (never, ≤1 screening test per year, >1 screening test per year). When examining associations between hydrophilic statins and prostate cancer aggressiveness, we excluded lipophilic statin users, and vice versa. We conducted a sensitivity analysis excluding men who used non-statin cholesterol-lowering drugs (22% of statin users and 7% of statin non-users). We also explored the effect of additionally adjusting models for education level (less than high school, high school graduate, college graduate or some college), annual household income (<$20,000, $20,000-$50,000, $50,000-$80,000, >$80,000), and family history of prostate cancer in a first degree relative (yes, no), in the subset of men for whom all of these data were available (n=1,634). In order to examine smoking status and prostate cancer screening frequency as potential effect modifiers of the association between statin use and prostate cancer aggressiveness, we conducted stratified analysis by each of these health-seeking behaviors. We tested for interaction between smoking status and statin use for predicting prostate cancer aggressiveness by incorporating a cross product term into the logistic regression model, and calculating the global p-value of the interaction term using the Wald test.
Statistical analyses were performed using Stata 13.1 (Stata, Corp., College Station, TX, USA).
Statistical significance was two-sided with p < 0.05. 
Results
Characteristics of study participants by race
Incident prostate cancer cases in this study included 1,012 CAs (n=479 from NC and n=533 from LA) and 918 AAs (n=448 from NC and n=470 from LA; Table 1 ). As presented in Table 1 , AAs were younger at diagnosis than CAs (62 vs. 64 years of age). AAs had a higher median PSA level than CAs (6.2 vs. 5.2 ng/ml) and were more likely to have a high biopsy Gleason sum (≥4+3; 23% vs. 18%) and aggressive prostate cancer (21% vs. 15%).
AAs were less frequently screened for prostate cancer than CAs, with 36% of AAs and 11% of CAs never undergoing any prostate cancer screening (Table 1 ). In addition, AAs were less highly educated, reported a lower annual household income, and were more likely to be current smokers than CAs (21% vs. 9%; Table 1 ). Despite lower prevalence of cardiovascular disease (13% vs. 19%), AAs were more likely than CAs to have co-morbid health conditions (Charlson index ≥1; 53% vs. 46%), including diabetes (26% vs. 16%). Finally, AAs had higher dietary cholesterol intake (302 vs. 262 mg/day), although the percentage of calories from saturated fat was higher in CAs (11.2% vs. 10.0%; Table 1 ).
Characteristics of study participants by statin use
Of a total of 1,930 patients, 725 (38%) were statin users at the time of interview, with the majority of statin users taking either simvastatin (38%) or atorvastatin (34% ), and the remainder using rosuvastatin (10%), pravastatin (9%), lovastatin (5%) or fluvastatin (2%). There were no significant differences in statin type or dose by race (data not shown). As shown in Table 2 , statin users were older than non-users (65 vs. 62 years of age at diagnosis), and were more likely to be CA (56% vs. 44%). While there were no significant differences in biopsy Gleason sum or clinical stage by statin use, statin users had lower median PSA level (5.3 vs. 5.8 ng/ml) and a lower frequency of aggressive prostate cancer (15% vs. 19%).
Statin users were more frequently screened for prostate cancer, relative to non-users (Table 2 ).
Statin users had similar level of education and annual household income as non-users, but were less likely to be current smokers (10% vs. 18%; Table 2 ). Relative to non-users, statin users were more likely to be obese (44% vs. 34%) and have a co-morbid condition (Charlson index ≥1; 61% vs. 42%), including diabetes (31% vs. 15%) and cardiovascular disease (29% vs. 8%; Table 2 ).
However, statin users had lower dietary cholesterol intake (269 vs. 288 mg/day), although there was no difference in saturated fat intake between statin users and non-users.
We also examined differences in statin users vs. non-users stratified by race, and found that these aforementioned differences in tumor and patient characteristics between statin users and nonusers were observed in both CAs and AAs (Supplementary Table 1 0.58-1.04), with no evidence for a dose-response relationship, although small numbers of men in each dose category may limit our power to detect such a relationship. Finally, while there was a suggestion of a stronger protective effect with hydrophilic relative to lipophilic statins (OR 0.56; 95% CI 0.32-0.99 and OR 0.77; 95% CI 0.58-1.02, respectively), these estimates were somewhat imprecise due to low numbers of men using hydrophilic statins and should be interpreted cautiously. Excluding men using non-statin cholesterol-lowering drugs or additionally adjusting our models for education level, annual household income and family history of prostate cancer did not substantially alter our findings (Supplementary Tables 2 and 3 , respectively).
Impact of health-seeking behaviors on the association between statin use and prostate cancer aggressiveness
In order to explore possible prostate cancer screening-related detection biases, we examined prostate cancer screening frequency as an effect modifier of the association between statin use and prostate cancer aggressiveness. We observed non-statistically significant inverse associations between statin use and prostate cancer aggressiveness in men who had never undergone PSA or DRE screening (OR 0.79; 95% CI 0.45-1.39), in men who were screened annually or less frequently (OR 0.66; 95% CI 0.41-1.06), and in men who were screened more frequently than once a year (OR 0.78; 95% CI 0.53-1.15; Table 4 ), although these findings should be interpreted cautiously given relatively small numbers in each screening category. We observed similar findings when we classified prostate cancer screening as PSA tests only, without considering DRE (data not shown).
Smoking increases low-density and total cholesterol levels and decreases high-density cholesterol levels [14, 15] , potentially offsetting the cholesterol-lowering effect of statin use. We 
Discussion
Using data from the population-based North Carolina-Louisiana Prostate Cancer Study, we report an inverse association between statin use and prostate cancer aggressiveness. We observed a similar magnitude of association between statin use and prostate cancer aggressiveness in both CAs and AAs; findings supported by a prior study which found that associations between statin use and risk of high-grade prostate cancer did not vary by race [16] . In contrast to prior cohort and case-control analyses of statin use and prostate cancer risk using prostate cancer-free men as the referent group [5, 8, 16] , the case-only design of the present study examined the impact of statin use on disease aggressiveness among men diagnosed with prostate cancer. However, our results are in agreement with the ~20-25% reduced risk of aggressive prostate cancer in statin users relative to non-users reported by two meta-analyses [5, 8] . As such, our findings strengthen existing rationale to explore a role for statins in aggressive prostate cancer prevention.
One important consideration when studying the impact of statin use on prostate cancer aggressiveness is that detection bias arising from higher rates of prostate cancer screening in statin users could produce an inverse association with aggressive disease, irrespective of a causal relationship [17, 18] . In the present study, we found that adjusting our models for prostate cancer screening frequency did not substantially impact our estimates. Furthermore, analyses stratified by screening frequency showed a similar magnitude of inverse association between statin use and prostate cancer aggressiveness in men screened at high frequency (i.e., more than once a year), low or recommended frequency (i.e., annually, or less) and in unscreened men, suggesting that the association between statin use and prostate cancer aggressiveness cannot be completely explained by screening-related detection bias. In support of these findings, inverse associations between statin use and aggressive prostate cancer have been reported both in European populations with very low screening rates [19] and in US populations with higher screening rates [20] , although a secondary analysis of the Prostate Cancer Prevention trial wherein all participants were screened annually reported no association between statin use and high-grade prostate cancer [21] . Moreover, an analysis of simulated datasets with different PSA screening frequencies suggested that detection bias is unlikely to explain the association between statin use and reduced prostate cancer aggressiveness [18] . Yet another factor to consider is that statin use lowers PSA levels by ~3-4% [22, 23] , potentially reducing the likelihood of prostate biopsy and aggressive prostate cancer diagnosis. Indeed, we observed that statin users had lower PSA levels than non-users in the present study. Randomized trials conducting PSA-independent biopsies at regular intervals may circumvent this potential source of detection bias, and secondary analysis of one such trial reported a null association between statin use and high-grade prostate cancer [24] . However, given that trial participants are selected based upon specific eligibility criteria and do not represent a population-based sample, findings from secondary analyses of trials [21, 24] may differ from findings reported by population-based studies [19, 20] , including our own.
As such, while the potential for screening-related detection biases should be considered, our findings, in addition to those from populations with different PSA screening frequencies [25] , support a true association between statin use and prostate cancer aggressiveness.
In addition to differences in prostate cancer screening behaviors, characteristics of statin users differ from those of non-users in a variety of ways. Data from the present study show that obesity and diabetes, both associated with increased prostate cancer-specific mortality [26, 27] , were more prevalent among statin users. On the other hand, we observed that statin use was associated with health-seeking behaviors, as indicated by the higher prevalence of prostate cancer screening, lower prevalence of smoking and reduced dietary cholesterol intake, relative to non- users. These health-seeking behaviors themselves have been associated with reduced risk of aggressive prostate cancer [17, [28] [29] [30] [31] [32] [33] , potentially giving rise to a "healthy-user" bias whereby the association between statin use and prostate cancer aggressiveness could be explained by the health-seeking behaviors of statin users, and not statin use per se [34] . In the present analysis, we found that adjusting our models for these health-seeking behaviors did not substantially impact our estimates. However, analyses stratified on smoking status revealed a strong inverse association between statin use and prostate cancer aggressiveness in never smokers, a slightly attenuated effect in former smokers, and no association in current smokers. There may be multiple mechanisms contributing to the observed effect modification by smoking status, one of which may be the association between smoking and prostate cancer aggressiveness [32, 33] .
However, given that the impact of statins on prostate cancer may be mediated at least in part via their cholesterol-lowering properties [35], a smoking-related increase in cholesterol level [14, 15] could potentially offset the protective effect of statins on prostate cancer aggressiveness. If confirmed in future studies, these hypothesis-generating findings may add to the many established reasons to promote smoking cessation for direct and indirect reduction of a myriad of non-communicable diseases.
Our findings should be considered in light of the strengths and limitations of this study. First, statin use was captured at the time of interview, with no information regarding the timing of statin initiation relative to prostate cancer diagnosis. However, given that the majority of our study population was interacting with the health care system prior to prostate cancer diagnosis (75% of individuals had a history of PSA screening), it is likely that men indicated for statin therapy would have initiated statins before diagnosis. Indeed, a previous study reported similar prevalence of statin use before (29%) and after (30%) prostate cancer diagnosis, during a study 
period (1998-2009) which overlapped that of the present study (2004) (2005) (2006) (2007) (2008) (2009) [36] . Moreover, any potential misclassification of unexposed individuals (i.e., pre-diagnosis non-users who initiated statin use after diagnosis) as exposed individuals (i.e., pre-diagnosis statin users) would likely bias our estimates towards the null. As such, our study may have underestimated the strength of the association between pre-diagnosis statin use and prostate cancer aggressiveness. In addition, while we did not have access to data for duration of use or adherence to statin therapy, the type and dose of statin and non-statin cholesterol-lowering drugs was documented by a trained nurse, thus improving the accuracy of our exposure data. Second, while serum cholesterol measurements were unavailable, dietary cholesterol and saturated fat intake was available for all study participants, and saturated fat intake is an important determinant of serum cholesterol level [37] . Third, we lacked sufficient numbers to separate men reporting annual prostate cancer screening from men reporting less-than-annual screening, and larger studies should explore associations between statins and prostate cancer aggressiveness within each of these categories. Fourth, our study had somewhat limited statistical power to conduct analyses stratified by healthseeking behaviors, and larger studies are required to further explore these hypotheses. Finally, observational studies examining the association between statin use and prostate cancer are susceptible to confounding by indication, given that statin use is not randomized. However, an important strength of this study is our comprehensive assessment of clinical and demographic characteristics, in addition to health-seeking behaviors of statin users and non-users, and adjustment for these potential confounders in our analysis. 
